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Al-implanted Ge samples were investigated by micro-Raman spectroscopy combined with a small angle beveling technique. By means of a
reverse Monte Carlo procedure, the concentration profiles of the electrically active dopant ions were determined from the Raman peak observed
at 370 cm1 related to substitutional Al atoms. Furthermore, a clear relationship between the Ge–Ge Raman peak at 300 cm1 and the active
dopant concentration was also observed. This work shows that micro-Raman spectroscopy could be adopted for quantitative characterizations of
the carrier concentration profiles in extrinsic semiconductors. # 2013 The Japan Society of Applied Physics
C
arrier transport properties are of primary importance
in improving the eﬃciency of semiconductor de-
vices. In this regard, diﬀerent methods and tech-
niques are used to get information on the electrical properties
of doped semiconductors.1) Among these, spreading resis-
tance proﬁling (SRP) allows us to determine the carrier
concentration proﬁle of dopant atoms by measuring the
spreading resistance vs depth on a beveled sample surface.2)
Micro-Raman spectroscopy is largely employed for the
analysis of semiconductor devices, including strain char-
acterization, local crystal orientation, and local temperature
detection in devices under operational conditions.3–5) For
high doping levels, it is known that the ﬁrst-order Raman
spectrum can be heavily aﬀected by the carrier concentra-
tion.6) For example, O’Reilly et al.7) reported a relationship
between the Si Raman shift and peak carrier concentration,
measured by the Hall technique, in Sb-implanted Si. Shortly
after, by combining micro-Raman spectroscopy and a small-
angle beveling technique in highly p-doped Si, Becker et al.8)
found, in the framework of the Fano resonance model,9) a
rough relationship between the free hole concentration and
the reciprocal Fano symmetry parameter of the Si Raman
peak. Most recently, Perova and co-workers,10,11) studying
the structural damage in germanium wafers caused by
hydrogen and helium implants, obtained a partial correlation
between SRP analysis and Raman mapping measurements.
All these works show the promising potential of micro-
Raman spectroscopy for the study of the concentration
proﬁles of dopant ions. However, up to now, depth-resolved
Raman scattering was not exploited in this kind of
characterization, because a deﬁned quantitative relation
between Raman spectra and carrier concentration proﬁles is
still lacking. In this Letter, micro-Raman spectroscopy has
been used to quantitatively evaluate the proﬁles of substitu-
tional dopant atoms and, therefore, the carrier concentration
proﬁles. Although the method still has room for improve-
ment, this work can be considered an important starting point
for proﬁle characterizations by Raman spectroscopy.
Ge wafers implanted with Al, which underwent post-
implantation thermal annealing, have been investigated by
micro-Raman spectroscopy combined with a small-angle
beveling technique. Among the p-type dopants in Ge,
aluminum could have a crucial place in MOSFET technol-
ogy thanks to its high solid solubility.12) Despite this, Al has
been studied on only a few occasions.13–15) Ge Czochralski
(100)-oriented wafers, n-type Sb-doped having a resistivity
higher than 40cm (i.e., <1 1014 Sb/cm3), were im-
planted with 25 keV Alþ at a ﬂuence of 1 1015 Al/cm2
(projected range 25 nm). After implantation, the samples
were annealed in N2 atmosphere, using a conventional
furnace, at 400 C for 1 h to induce the recrystallization of
the Ge matrix by solid-phase epitaxy (SPE). Successively,
two regrown samples were annealed for 1 h, one at 600 and
one at 700 C. According to Impellizzeri et al.,15) at 600 C,
Al shows negligible diﬀusion and high electrical activation,
whereas at 700 C, Al shows signiﬁcant diﬀusion towards
the bulk and unexpected uphill diﬀusion near the surface,
together with signiﬁcant electrical deactivation.
In our experiment, polarized micro-Raman spectra were
collected at room temperature in backscattering geometry
using a microprobe setup (Horiba-Jobin-Yvon Labram-
HR, modiﬁed), mounting a holographic grating having
1800 lines/mm and equipped with a charge-coupled-device
detector, cooled by liquid nitrogen. The spectra were excited
by the 632.8 nm line of a mixed He–Ne gas laser focused onto
a spot of about 2 m in diameter through the lens of a 100
Olympus microscope objective (N:A: ¼ 0:90) interfaced
with a color TV camera. The laser power at the exit of the
objective was about 5mW to avoid thermal heating and the
spectral resolution was about 0.3 cm1. Similarly to Refs. 10
and 11, to depth-resolve the Raman signal the samples were
beveled at small angles () ranging (depending on the
sample) from 0.33 to 0.41. Line mapping measurements
were performed along the maximum gradient direction of the
beveled surface using an x–ymicromovement stage, spanning
more than 50 m at steps of 0.2–0.3 m, which corresponds,
according to the relation d ¼ x tanðÞ, to a depth region from
0 to about 300 nm with steps of about 1.4–1.7 nm.
Typical micro-Raman spectra recorded from the sample
surface, speciﬁcally in the unbeveled region, are displayed in
Fig. 1. The spectra show an intense peak at about 300 cm1,
due to the expected longitudinal optical phonon-mode
of germanium with F2g symmetry, and a weak peak at
about 370 cm1. This latter can be attributed to the local
vibrational mode of substitutional Al atoms in Ge on the
basis of the following arguments.
i) The frequency of the vibrational local mode of a
substitutional atom can be estimated using the simpliﬁed
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mass-defect secular equation16,17) that, in the case of Al in
Ge, becomes Al ¼ Ge
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
0:65þ 0:35mGe=mAl
p ’ 379 cm1,
where Ge ’ 300 cm1 and mGe=mAl ’ 2:69. Although this
simpliﬁed model assumes that the force constants are the
same for the Al–Ge and Ge–Ge pairs, the predicted fre-
quency, about 379 cm1, is very close to our experimental
value, about 370 cm1, thereby supporting our claim.
ii) The Raman scattering tensor of the Ge–Ge mode at
300 cm1 is
ðF2gÞ ¼
0 a a
a 0 a
a a 0
0
B@
1
CA; ð1Þ
therefore, in backscattering geometry, with  indicating the
angle between the electric ﬁeld direction (X) of the incident
light and one of the two crystallographic axes of the wafer
surface, the intensity of the Raman Ge–Ge peak changes as
sin2ð2Þ for Raman measurements in parallel (XX) polariza-
tion and as cos2ð2Þ for measurements in crossed (XY)
polarization. By suitable polarized micro-Raman measure-
ments, the Raman peak at 370 cm1 was observed to obey
the same polarization selection rules as the Ge–Ge peak at
300 cm1. Therefore, since the local symmetry is preserved,
the Al–Ge peak at370 cm1 can be deﬁnitively attributed to
a local vibrational mode of substitutional Al atoms.
In order to maximize the intensity of the Raman peaks at
300 and 370 cm1, all the Raman spectra were collected
in parallel (XX) polarization and a suitable orientation of
the samples, i.e., forming an angle  ¼ 45 between the
crystallographic axis, perpendicular to the (010) or (001)
plane, and the electric ﬁeld direction of incident laser
radiation. The top panel of Fig. 2 shows the intensity of
the Al–Ge Raman peak (i.e., the peak area, after a linear
background subtraction, between 360 and 380 cm1),
normalized to the intensity of the neighboring Ge–Ge peak
at 300 cm1, plotted vs the depth beneath the sample
surface (right side of the ﬁgure, beveled region). The
intensity of the Al–Ge Raman peak recorded from the
unbeveled region, expected to be independent of the spot
position, is shown on the left side of the same ﬁgure. The
bottom panel of Fig. 2 displays the carrier concentration
proﬁles obtained from SRP measurements.15)
At this stage, a direct quantitative comparison between the
two panels cannot be made because, diﬀerently from SRP,
which allows us to determine the carrier concentration at the
sample surface, Raman scattering probes up to some tens of
nanometers beneath the sample surface. Despite this, the two
panels strongly suggest a correlation between the proﬁle of
the intensity of the Al–Ge Raman peak and that of the carrier
concentration. In contrast, no similar correlation is observed
with the chemical Al concentration proﬁles (not shown)
measured by secondary ions mass spectrometry (SIMS),
where, as reported in Ref. 15, uphill diﬀusion towards the
surface occurs increasing the annealing temperature to above
600 C.
The intensity of the Al–Ge Raman peak at a depth d from
the sample surface, normalized to the intensity of the Ge–Ge
Raman peak, can be written as
IAl
IGe
ðdÞ ’ K
Z þs=2
s=2

1ﬃﬃﬃﬃﬃ
2
p

exp  y
2
22
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Fig. 1. Raman spectra in samples annealed at 400 C (red lines), 700 C
(blue lines), and in pure germanium (black lines, here reported for
comparison). In the inset, the vertical scale is magniﬁed 50 times to show
the Al–Ge Raman peak at 370 cm1.
Fig. 2. Raman intensity proﬁles of the Al–Ge peak at 370 cm1
(top panel) and carrier concentration proﬁles from SRP (bottom panel). Red,
green, and blue colors refer to the samples annealed at 400, 600, and 700 C,
respectively. In the top panel, each dot corresponds to the intensity
measured from a single Raman spectrum, while the solid lines are the
corresponding ﬁtting curves obtained by the method described in the text.
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where PðxÞ is the concentration of substitutional Al atoms at
depth x beneath the unbeveled sample surface, CGe ¼ 4:42
1022 at./cm3 is the density of crystalline germanium
(assumed to be the same in the implanted samples), K is
the ratio between the Raman eﬃciency of the Al–Ge and
Ge–Ge bonds whose value, which is unknown, can be
reasonably estimated as 12 3 from the ﬁtting procedure
described below. The integrals in dx take into account
the optical absorption of the incident and backscattered
light. From Ref. 18, the optical absorption length, L, is
estimated to be 70 nm. The integrals in dy take into
account the laser intensity proﬁle, here assumed to have a
Gaussian distribution with standard deviation D=6, where
D ’ 2 m is the laser spot size. Accordingly, in Eq. (2),
with  indicating the beveling angle, s ¼ D tanðÞ and
 ¼ s=6 ’ 2{3 nm are the laser spot size and standard
deviation, respectively, projected along the depth direction.
Using the expression derived above, the Raman intensity
proﬁle IAl=IGe was simulated, for each sample, for an
arbitrary starting PðxÞ distribution and compared with the
experimental Raman proﬁles displayed in Fig. 2. The
distribution PðxÞ was then varied, by means of a Monte
Carlo procedure, in order to optimize the agreement between
simulated and experimental Raman proﬁles. The resulting
simulated Raman proﬁles are shown with solid lines in the
top panel of Fig. 2, while the corresponding simulated PðxÞ
distributions are shown in Fig. 3 and compared with the
carrier concentration proﬁles obtained by SRP measure-
ments. The reconstructed PðxÞ distributions of substitutional
Al atoms, obtained from the intensity of the Al–Ge Raman
peak, are in fairly good agreement with the carrier con-
centration proﬁles measured by SRP analysis.
The discrepancies between Raman and SRP proﬁles
deserve to be discussed here. One of the main causes of
the discrepancy is the diﬃculty of assessing the intensity
of the Al–Ge Raman peak, because, being weak, it can be
signiﬁcantly altered by the background subtraction of Raman
spectra. This diﬃculty is reﬂected, at least in part, by the
uncertainty of the parameter K. Besides this, the optical
absorption length, L, was set to be 70 nm. However,
this theoretical value refers to pure Ge and, in our case,
L might have a non-negligible dependence on the Al
concentration. Last, but not least important, errors in
the SRP measurements might contribute to the above
discrepancies.
Let us now consider the Ge–Ge Raman peak at about
300 cm1. Figure 4 shows the average position and the full
width at half maximum (FWHM) of the Ge–Ge Raman peak
(top and bottom panels, respectively), for all the samples and
pure Ge, plotted vs the depth beneath the sample surface. A
similar behavior is also observed for the peak asymmetry,
not shown here. The pure Ge, used as a reference, allows
us to evaluate the eﬀects of beveling on the Ge–Ge Raman
peak: about 1 cm1 in the average position and about
0.5 cm1 in the FWHM.
The shift and broadening of the Ge–Ge Raman peak, as
evidenced by Fig. 4, can be associated with phonon con-
ﬁnement,19) strain20) or, as introduced above, to carrier con-
centration eﬀects.6) In the present case, phonon conﬁnement
eﬀects can be disregarded since the presence of Ge nano-
crystalline regions or clusters was ruled out by transmission
electron microscope investigations.15) Concerning the strain,
implanted (and annealed) samples typically display a lattice
strain lower than a few 0.1%, also in the case of high doping
levels.21,22) In all our Al-implanted Ge samples, high resolu-
tion X-ray diﬀraction showed a lattice strain proﬁle (not
reported here) lower than 0.03% in the whole depth range.23)
According to Peng et al.,20) a Ge lattice strain of this mag-
nitude induces much smaller eﬀects on the Ge–Ge Raman
peak than those reported in Fig. 4. As a consequence, we can
conclude that the changes in the Ge–Ge Raman peak of
Fig. 4 are entirely due to carrier concentration eﬀects, as
predicted in Ref. 6.
With this regard, the shift and the FWHM broadening of
the Ge–Ge Raman peak were calculated with respect to pure
Ge, in each sample and for each single Raman spectrum,
and plotted against the corresponding intensity of the Al–Ge
Fig. 3. Comparison between carrier concentration proﬁles from SRP
measurements (dashed lines) and simulated proﬁles obtained from the
Al–Ge Raman peak intensity (solid lines).
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Raman peak, as shown in Fig. 5. Although the ensemble of
Ge–Ge Raman shifts and FWHMs, with respect to the Al–
Ge peak intensity, varies in a range of 1 cm1 owing to the
non-negligible uncertainty in the Al–Ge peak amplitude, the
ﬁgure shows a clear relationship between the Ge–Ge Raman
peak and the intensity of the Al–Ge one. This means that
the Ge–Ge Raman peak could be exploited to determine the
content of substitutional Al atoms and, therefore, the carrier
concentration proﬁles in implanted Ge samples. This result
should turn out especially relevant in those cases where
the Raman peaks related to the local vibrational modes of
substitutional dopant atoms are not detected.
In conclusion, in this work, Al-implanted Ge samples
were studied by micro-Raman spectroscopy coupled to
the small-angle beveling technique. By using a Monte
Carlo procedure, the active dopant proﬁles were estimated
from the intensity of the Al–Ge Raman peak due to
substitutional Al atoms. Moreover, the correlation observed
between the Ge–Ge Raman peak and substitutional Al
content, directly related to the carrier concentration proﬁles,
validates the possibility of adopting micro-Raman spec-
troscopy for dopant proﬁle characterizations also in those
cases where the Raman peaks, due to substitutional dopant
atoms, are not observed. Further studies are mandatory to
make the method outlined here more reliable and eﬃcient.
Nevertheless, this work might represent a breakthrough for
the development of depth-resolved micro-Raman spectros-
copy for quantitative characterizations of doping species
proﬁles in Ge.
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Fig. 5. Shift (top panel) and FWHM broadening (bottom panel) of the
Ge–Ge Raman peak with respect to pure Ge, plotted vs the Al–Ge Raman
peak intensity. Red, green, and blue circles refer to the samples at at 400,
600, and 700 C, respectively.
Fig. 4. Depth proﬁles of the average position (top panel) and FWHM
(bottom panel) of the Ge–Ge Raman peak at 300 cm1. Red, green, and
blue colors refer to the samples annealed at 400, 600, and 700 C,
respectively. The black color refers to the pure Ge, used here as a reference.
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